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3 个断面 12 个站位表层水样品，探究渤海三湾细菌群落结构多样性。【方法】提取 3 个断面水环






(Bacteroidetes) 25.7%，蓝细菌门(Cyanobacteria) 17.8%，放线菌门(Actinobacteria) 10.4%，浮霉菌
门(Planctomycetes) 5.64%；莱州湾断面主要类群所占比例为(Proteobacteria) 59.0%，拟杆菌门
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Abstract: [Background] Sustainable development of coastal ecosystem has become one of the most 
important concerns for people nowadays. Riverine output and anthropogenic interrupt have important 
impacts on the coastal environment. [Objective] In this study, we collected 12 samples from three 
transects including Bohai Bay, Liaodong Bay and Laizhou Bay to explore the microbial community 
and diversity in summer of 2015. [Methods] DNA was extracted from water samples by using DNA 
extraction kit. Samples were analyzed by Illumina HiSeq sequencing technology. We compared the 
differences among these three transects according to the analysis results. [Results] The diversity 
index and rarefaction curves showed significant differences among these three transects. The order of 
diversity value was Laizhou Bay>Bohai Bay>Liaodong Bay. The distribution of the dominant 
community was as follows: the proportion of Proteobacteria, Bacteroidetes, Cyanobacteria, 
Actinobacteria and Planctomycetes in the Bohai Bay was 39.8%, 25.7%, 22.4%, 5.85% and 4.38%, 
respectively. The dominant community proportion in Liaodong bay was Proteobacteria (37.8%), 
Bacteroidetes (25.7%), Cyanobacteria (17.8%), Actinobacteria (10.4%) and Planctomycetes (5.64%). 
While in Laizhou Bay there were only four dominant communities as follows: Proteobacteria 
(59.0%), Bacteroidetes (17.5%), Cyanobacteria (8.2%), Actinobacteria (7.88%). By using the 
principal component analysis (PCA) and Heatmap correlation analysis, we found that environmental 
factors were key roles in controlling the microbial diversity in the Bohai Sea. Among them, the 
concentration of nitrate was particularly significant according to the Mantel test analysis. 
[Conclusion] The microbial diversity in the three bays of Bohai Sea was very rich and multifarious. 
The population structure and species in the Laizhou Bay is the most complex and abundant among 
these three bays, and then it is Bohai Bay and Liaodong Bay. There was a significant correlation 
among microbial diversity, environmental factors and the spatial distribution. Above all, this study 
will provide a theoretical basis for further protection and ecological development of Bohai Sea. 
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形 菌 纲 (Gammaproteobacteria) 、 聚 球 藻 属
(Synechococcus sp.)、原绿球藻属(Prochlorococcus sp.)
和拟杆菌门(Bacteroidetes)被发现存在于淡水中[18-19]。 
渤 海 位 于 北 纬 37.07°−37.41° 和 东 经   
117.35°−121.1°之间，作为一个半封闭的海域，西边
主要由陆地环绕，东边由渤海海峡与黄海连接，最








1  材料与方法 
1.1  样品采集 
水样采集于 2015 年 8 月 17 日到 25 日，位于
渤海三湾包括渤海湾、辽东湾和莱州湾 3个断面表
层。采样点位置分别为渤海湾 S46 (38.501°N，
118.98°E) 、 S47 (38.669°N ， 118.952°E) 、 S48 
(38.831°N，118.973°E)、S49 (38.983°N，118.982°E)；
辽东湾 S50 (39.308°N，119.707°E)、S51 (39.183°N，
120.071°E)、 S53 (39.057°N， 120.608°E)、 S54 
(39.002°N，120.806°E)；莱州湾 S68 (37.758°N，
119.394°E)、 S69 (37.749°N， 119.651°E)、 S70 
(37.749°N，119.933°E)、S71 (37.748°N，120.106°E)。
全部12个站位的样品利用Niskin瓶子(体积为12 L)






1.2  主要试剂和仪器 
DNA 提取试剂盒采用 FastDNA® Spin Kit for 
Soil, MP Biomedicals公司。Illumina HiSeq 2500测
序仪，Illumina公司；PCR仪，Bio-Rad公司；CTD 
(Conductivity temperature-depth)采水器，Sea-Bird  
公司。 
1.3  理化参数的测定 
渤海三湾3个断面表层水的温度和盐度由CTD
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V3−V4区 PCR扩增。PCR反应条件：95 °C 10 min；
95 °C 45 s，55 °C 1 min，72 °C 45 s，35个循环；
72 °C 10 min；4 °C保温。细菌引物为 515F (5′-GTGC 




用 Illumina HiSeq 2500进行双端测序。 
1.5  数据分析与处理 
为保证后续数据的准确性，对高通量测序得到
的数据进行质控分析得到去掉 Barcode 的 Clean 数
据。利用 USEARCH 软件[26]对序列进行拼接去重
复，将相似度>97%的物种聚类为一个分类操作单元








2  结果与分析 
2.1  水体理化性质 






图 1  稀释曲线 
Figure 1  Rarefaction curves of OTU numbers 
 
表 1  渤海海域三湾环境因子分析 



















S46 25.08 30.809 6.113 5.30 12.103 14.848 12.985 0.300 
S47 25.43 30.965 6.733 6.35 37.833 21.819 9.803 0.250 
S48 24.87 30.890 6.841 5.44 36.281 10.861 1.868 0.252 
S49 24.15 30.870 5.703 11.45 76.344 41.306 4.744 0.272 
S50 25.12 30.894 6.957 7.77 26.517 34.029 11.572 0.587 
S51 24.83 30.899 5.212 15.40 55.759 76.613 8.433 0.845 
S53 22.73 30.975 6.587 9.41 64.853 19.199 2.320 0.356 
S54 21.03 31.319 7.709 9.02 14.333 26.836 9.433 0.206 
S68 25.79 29.558 5.927 26.22 329.263 324.616 3.584 0.449 
S69 26.41 29.819 6.019 10.02 192.664 170.298 11.439 0.506 
S70 25.68 29.536 5.911 9.78 238.513 199.646 5.991 0.193 
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莱州湾断面靠近黄河口的站位 S68，其磷酸盐(PO4-P)
含量达到 26.22 μg/L，总的硝酸盐(NO3-N+NO2-N)



























S 5 0 站位丰度最高，为 1 6 . 6%。而变形菌门
(Proteobacteria)在莱州湾断面平均丰度最高，其中
S69 站位丰度最高，为 64.8%。从相似性>97%的
OTU 水平上分析(图 2F)，OTU572 在渤海湾断面
的丰度最高，丰度最高站位为 S46，达到 42.4%。 
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图 2  物种组成分布图 
Figure 2  Community bar plot analysis 
注：选取相对丰度>1%的物种进行物种丰度的统计. A：属(Genus)水平上的群落组成；B：科(Family)水平的物种群落组成；    
C：目(Order)水平的群落组成；D：纲(Class)水平的群落组成；E：门(Phylum)水平的群落组成；F：相似性>97%的 OTU 水平
的群落组成. 
Note: Species with relative abundance (>1%) were chosen for the statistics. A: Community composition of genus level; B: Community 
composition of family level; C: Community composition of order level; D: Community composition of class level; E: Community 
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图 3  多级物种群落组成分析图 
Figure 3  Community analysis sunburst plot on Phylum level 
注：A：渤海湾断面；B：辽东湾断面；C：莱州湾断面. 
Note: A: Bohai Bay; B: Liaodong Bay; C: Laizhou Bay. 
 
 
2.3  渤海三湾微生物多样性分析 






测到的 OTU 数目，Shannon 指数和 Simpson 指数
主要用来衡量物种的多样性情况，Ace 指数和
Chao1指数主要用来衡量物种的丰富度，Coverage
指数主要用来检测测序对物种的覆盖度。由表    
2可以看出，Sobs指数为莱州湾>渤海湾>辽东湾。
根据 Shannon 指数和 Simpson 指数可以看出，莱   
州湾断面 Shannon 指数显著高于其他 2 个断   
面，Simpson 指数显著低于其他 2 个断面，说 
明莱州湾的多样性显著高于其他 2 个断面。根据






2.3.2  渤海三湾微生物 β-多样性分析 
根据 Bray-curtis距离算法，对物种进行非度量
多维尺度 (Non-metric multidi-mensional scaling，
NMDS)分析(图 4)，发现渤海湾、莱州湾和辽东湾   
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表 2  海水样品的微生物多样性指数分析 
Table 2  Microbial diversity index of sea water samples in the Bohai Sea     
Types Samples Sobs Shannon Simpson Ace Chao1 Coverage 
渤海湾 S46 536 3.125 0.194 675.509 657.852 0.997 
Bohai Bay S47 654 4.100 0.049 1 128.142 924.647 0.996 
 S48 807 4.400 0.034 1 105.497 1 101.409 0.995 
 S49 1 057 4.570 0.031 1 454.500 1 461.503 0.993 
 Sum 3 054 16.196 0.308 4 363.648 4 145.411 3.980 
辽东湾 S50 670 4.017 0.044 1 064.782 972.165 0.995 
Liaodong Bay S51 736 3.989 0.053 1 222.283 1 068.905 0.995 
 S53 762 4.514 0.026 953.306 951.150 0.996 
 S54 727 4.248 0.033 974.955 972.310 0.995 
 Sum 2 895 16.767 0.156 4 215.326 3 964.530 3.981 
莱州湾 S68 1 053 4.397 0.034 1 505.742 1 447.744 0.992 
Laizhou Bay S69 1 533 5.135 0.021 1 790.362 1 759.939 0.993 
 S70 899 4.540 0.029 1 477.174 1 241.045 0.994 
 S71 984 4.513 0.025 1 684.054 1 387.673 0.993 














图 4  基于相似性>97%的 OTU 水平上非度量多维度分
析 
Figure 4  NMDS plot on OTU level (similarity over 97%) 









图 5  门水平上主成分分析 




Note: Tem: Temperature; Nitra: Nitrate; Ammon: Ammonium; Silic: 
Silicate; Phosp: Phosphate; Nitri: Nitrite; Longi: Longitude; Latit: 
Latitude; Do: Dissolved oxygen; Sal: Salinity. 
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图 6  门水平上 Heatmap 相关性分析 
Figure 6  Heatmap correlationship analysis on Phylum level  
注：Tem：温度；Nitra：硝酸盐；Ammon：铵盐；Silic：硅酸盐；Phosp：磷酸盐；Nitri：亚硝酸盐；Longi：经度；Latit：纬度；
Do：溶解氧；Sal：盐度. *：P<0.05；**：P<0.01；***：P<0.001. 
Note: Tem: Temperature; Nitra: Nitrate; Ammon: Ammonium; Silic: Silicate; Phosp: Phosphate; Nitri: Nitrite; Longi: Longitude; Latit: 
Latitude; Do: Dissolved oxygen; Sal: Salinity. *: P<0.05; **: P<0.01; ***: P<0.001. 
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表 3  门水平上 Mantel test 检验结果 
Table 3  Mantel test for environmental factors on Phylum level 
Environmental factors Mantel test (r statistics) P-value Number of permu Tail type 
铵盐 Ammonia 0.259 82 0.074 999 Two sided 
溶解氧 Dissolved oxygen 0.115 83 0.546 999 Two sided 
纬度 Latitude 0.215 15 0.077 999 Two sided 
经度 Longitude −0.038 54 0.804 999 Two sided 
硝酸盐 Nitrate 0.488 40 0.001 999 Two sided 
亚硝酸盐 Nitrite −0.036 21 0.817 999 Two sided 
磷酸盐 Phosphate −0.011 96 0.970 999 Two sided 
盐度 Salinity 0.221 84 0.149 999 Two sided 
硅酸盐 Silicate −0.025 84 0.876 999 Two sided 






3  讨论 
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Lgnavibacteriae 、 Aminicenantes 、 脱 铁 杆 菌 门
(Deferribacteres)、粘胶球形菌门(Lentisphaerae)、变
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